shows a schematic view of the designed magnetic square dot (L = 150 nm, t = 30 nm). A hair-pin Abstract In the present study, feasibility of magnetic vortex core (VC) polarity as a binary information carrier has been investigated by micromagnetics simulations. Both of the read and write operation were carried out with current induced pulsed microwave fields, but different amplitude, generated with a pair of orthogonally overlaid conductors. Asymmetric resonance properties of the VC rotational motion against the circularly polarized microwave fields were converted to the inductive voltage. Overwrite of the VC polarization was also performed by utilizing the asymmetric VC switching property. Structural parameters for proposed device architecture were systematically optimized for efficient memory operation. Successive read (write) operation was demonstrated with pulsed alternative currents of 1.18 GHz frequency, 4.2 ns duration (5 periods) and 0.6 mA (1.2 mA) amplitude. Fig. 1 Schematic of a designed magnetic square dot with an inductive detector and cross bar generators located at the center.
Introduction
Nonvolatile stored information in the magnetoresistive random access memory (MRAM) provides solution for serious standby power consumption problem in the semiconductor based memory devices 1)~3) . Bi-stable magnetization direction stabilized with a strong magnetic anisotropy is utilized as binary information in the MRAM. Recently, different type of bi-stable magnetization configuration of vortex core (VC) polarity has been attracting intense research interests as an alternative candidate for binary information carrier 4)~7) .
Magnetic vortex is an in-plane curling magnetic structure with an out-of-plane core at the vortex center, which is energetically stable in circular 8)9) or square 10)~14) dots with the lateral dimension of sub-micron scale. The micromagnetic configuration of the vortices is defined by the VC polarization (p = 1 or -1) and curling direction (clockwise (CW) or counter clockwise (CCW)). Various methods for the VC polarity switching have been reported, including perpendicular magnetic fields, spin currents 15)~19) and in plane circularly polarized microwave fields 20)21) . Though the resonance aspect of the microwave excitation is promising for low power operation, it has to be generated and detected with micro-structured transmission lines in the memory application. Thus, optimum design consideration is required to realize practical device performance. In the present study, a read-write operation scheme with circularly polarized microwave fields generated by a pair of orthogonal conductor currents was numerically The following material parameter set was assumed for the square dot; the saturation magnetization Ms = 800 emu/cc, the exchange constant A = 1.0 µerg/cm, the damping constant α = 0.01, the gyromagnetic ratio γ = 1.76 × 10 7 rad/(s•Oe). These parameters stand for the typical values of Permalloy film. In the present study, the chirality of the vortex and the polarity of VC were set to CCW and positive in the perpendicular direction (p = 1), respectively. GHz, which is twice of the excitation frequency as shown in Fig. 5(c) . The frequency multiplication of the Vout is effective for improvement of signal to noise property in the data read operation, since the inductive output from the VC rotation can be separately detected with a proper filter circuit. Detector width dependence of the V out is plotted in Fig. 5(d) , taking the excitation current amplitude as a parameter. The results suggest that an optimum detector width exists, depending on the VC rotation radius. That is, the W D should be approximately twice the VC rotation radius, R, at which the amplitude of the Vout becomes maximum.
Results and discussion
An example of timing diagram for successive read/write (R/W) process (W G = 20 nm, WD = 80 nm, VC initial polarity p = 1) is shown in Fig. 6 . The R/W operation was performed by pulsed microwave currents with 4.2 ns duration (5 periods) excited at Eigen frequency of 1.18 GHz. The pulse duration was optimized from the VC switching time dependence on the pulse amplitude, which is chosen to be 1.2 mA in the present case. The readout operation was carried out with the current amplitude of 0.6 mA, where the VC rotation radius is sufficiently smaller than the critical radius so that the reliable read operation without stochastic VC switching is confirmed. The results demonstrate that overwrite from any VC polarity to the p = 1 (p = -1) can be performed with the current induced CCW (CW) polarized microwave field. A practical read operation was also assured, that is, 30 dB difference of the V out was observed between vortexes with p = 1 and p = -1, read out with the CCW polarized field.
Conclusion
The VC rotational motion and its switching process, induced by circularly polarized fields, were numerically analyzed by micromagnetic simulations. This study also ITE Trans. on MTA Vol. 4, No. 4 (2016) 294 successfully demonstrated that the VC rotation can be inductively detected and the VC core polarity is distinguished by the inductive voltage. The optimum conductor sizes were estimated to obtain higher output voltages. Finally, the read/write process was successfully demonstrated. These results suggest that vortex cores can be applicable to nanostructured memory devices.
